Emerging data indicate that actin dynamics is associated with ciliogenesis. However, the underlying mechanism remains unclear. Here we find that nuclear distribution gene C (NudC), an Hsp90 co-chaperone, is required for actin organization and dynamics. Depletion of NudC promotes cilia elongation and increases the percentage of ciliated cells. Further results show that NudC binds to and stabilizes cofilin 1, a key regulator of actin dynamics. Knockdown of cofilin 1 also facilitates ciliogenesis. Moreover, depletion of either NudC or cofilin 1 causes similar ciliary defects in zebrafish, including curved body, pericardial edema and defective left-right asymmetry. Ectopic expression of cofilin 1 significantly reverses the phenotypes induced by NudC depletion in both cultured cells and zebrafish. Thus, our data suggest that NudC regulates actin cytoskeleton and ciliogenesis by stabilizing cofilin 1.
Introduction
Cilia are evolutionarily conserved microtubule-based organelles that project from the cell surface. In vertebrates, cilia are classified as motile or nonmotile (primary). Motile cilia often occur in epithelial tissues to generate fluid flow, while non-motile cilia are distributed widely and are considered critical for extracellular signal reception and transduction [1, 2] . Cilia play essential roles in vertebrate development, including establishment of left-right asymmetry, and brain and kidney development [3] [4] [5] . Disruption of cilia structure or motility is associated with a range of human disorders termed ciliopathies, such as primary ciliary dyskinesias, cystic kidney diseases and situs inversus [6] [7] [8] [9] .
Accumulating data suggest that actin dynamics affects ciliogenesis. Either silencing of actin-related protein ARP3 or treatment with actin polymerization inhibitor cytochalasin D facilitates cilia formation and promotes cilia elongation in mammalian cells [10] . Recently, we found that miR-129-3p, a microRNA conserved in vertebrates, promotes both ciliogenesis and the axoneme growth by repressing branched F-actin formation [11] . However, the regulation of ciliogenesis by actin dynamics remains elusive.
Nuclear distribution gene C (NudC) was first identified as a regulator of nuclear movement in the filamentous fungus Aspergillus nidulans [12] . We and other groups have found that NudC plays crucial roles in diverse cellular processes, including cell division and neuronal migration, partially by modulating the dynein complex [13] [14] [15] . A growing body of evidence implies that NudC functions as a co-chaperone of Hsp90 to stabilize client proteins [16] [17] [18] . Proteomics data from our laboratory and others indicate that NudC may interact with cofilin 1 [17, 18] , a key regulator of actin dynamics, yet little is known about the role of NudC in actin cytoskeleton.
In this report, we find that NudC is essential for actin organization and dynamics by regulating the stability of cofilin 1. Depletion of either NudC or cofilin 1 facilitates ciliogenesis in mammalian cells and results in ciliary defects in zebrafish. More importantly, exogenous expression of cofilin 1 significantly reverses the phenotypes caused by NudC knockdown in either cultured cells or zebrafish. These results indicate a critical role of NudC in actin cytoskeleton and ciliogenesis by stabilizing cofilin 1.
Results

Depletion of NudC influences actin dynamics
To determine the role of NudC in actin cytoskeleton, we first examined the cellular localization of NudC together with actin in RPE-1 cells. The data revealed that NudC was mainly localized in cytoplasm and concentrated in lamellipodia (Supplementary information, Figure S1). Then, we employed lentivirus-mediated RNAi targeting two different regions of NudC mRNA in RPE-1 cells and found that the protein level of NudC was substantially reduced ( Figure 1A ). Immunostaining results showed that thick stress fibers were frequently detected in RPE-1 cells depleted of NudC ( Figure 1B ), which was reversed by ectopic expression of RNAi-resistant NudC (Supplementary information, Figure S2 ). Scratch wound assays further displayed that NudC depletion significantly inhibited collective cell migration and lamellipodia formation at the leading edge ( Figure 1C, 1D and Supplementary information, Figure S3 ). Kymographs of lamellipodial protrusion confirmed that knockdown of NudC led to decreases in protrusion velocity with concomitant increases in protrusion persistence ( Figure 1E-1G ). Moreover, we also observed that NudC depletion resulted in impaired cell spreading ( Figure 1H and 1I). These data strongly indicate that NudC is a crucial regulator of actin dynamics.
NudC suppresses primary cilia assembly
As it has been reported that actin dynamics affects ciliogenesis in mammalian cells [10, 11] , we tested the potential role of NudC in primary cilia assembly. Given that cilia typically form during G1 or G0 phase and disassemble around the time of mitosis, serum starvation induces ciliogenesis and addition of serum inhibits ciliation [6, 19, 20] . In this study, cilia length was measured under serum deprivation and the percentage of ciliated cells was calculated under serum-rich condition. NudC depletion in RPE-1 cells caused a significant elongation of primary cilia in the absence of serum and increased the percentage of the ciliated cells in the presence of serum (Figure 2A-2F ). Induction of ciliogenesis by NudC knockdown was significantly reversed by ectopic expression of RNAi-resistant NudC (Supplementary information, Figure S4 ). In consistence with the results above, knockdown of NudC in HEK293T cells also substantially induced primary cilia assembly (Supplementary information, Figure S5 ). Given that ciliation is associated with cell cycle regulation [1, 21, 22] , we determined whether NudC depletion influences cell cycle. Flow cytometry showed that there was no significant difference between the control and NudC-depleted RPE-1 cells during cell cycle progression under our conditions ( Figure 2G and 2H). As inhibition of actin dynamics has been shown to induce ciliogenesis by accumulating ciliogenic membrane vesicles positive for Rab11a around the centrosome regions [10, 11, 20] , we tested whether NudC depletion promotes ciliogenesis via the similar mechanism. In NudC-depleted RPE-1 cells, Rab11a-positive vesicles were more frequently accumulated around the centrosome region compared with the control cells ( Figure 2I and 2J). Furthermore, overexpression of NudC considerably inhibited ciliation in RPE-1 cells ( Figure  2K-2N) . Thus, these results suggest that NudC plays an inhibitory role in ciliogenesis in mammalian cells.
NudC knockdown results in ciliary phenotypes in zebrafish
Cilia have been demonstrated to be involved in various developmental processes in vertebrates [5, 11, 23, 24] ; therefore, we explored the function of NudC during zebrafish development. Zebrafish NudC shares high homology with human NudC (identity, 72.0%; similarity, 85.0%) and the polyclonal antibodies against human NudC also recognized zebrafish NudC ( Figure 3A) . RT-PCR analysis revealed that NudC mRNA was ubiquitously expressed in embryonic and early larval stages of zebrafish (Supplementary information, Figure S6A ). Whole mount in situ hybridization showed that NudC was detected in the brain, eyes, pronephros and so on (Supplementary information, Figure S6B-S6I ). We then designed antisense morpholino oligonucleotides (MOs) to block the translation of NudC mRNA (NudC MO-1) and found that injection with low dose of NudC MO-1 (2.5 ng per embryo) obviously decreased endogenous NudC in zebrafish embryos ( Figure 3A ). NudC morphants exhibited several ciliary defects such as curved body (56.7%), pericardial edema (87.7%) and hydrocephalus (27.1%) at 72 h post fertilization (hpf) ( Figure 3B and 3C). Histological cross-sections confirmed the existence of hydrocephalus and displayed dilation of anterior pronephric duct in NudC morphants ( Figure 3D and 3E ). Furthermore, we tested the position of the heart tube npg www.cell-research.com | Cell Research Quantitative data are derived from at least three independent experiments and expressed as mean ± SD. n, sample size. *P < 0.05; **P < 0.01; ***P < 0.001. Quantitative data from at least three independent experiments are shown as mean ± SD. n, sample size. ***P < 0.001; ns, not significant (P > 0.05). npg www.cell-research.com | Cell Research (using cardiac myosin light chain 2, cmlc2, as a marker) and distribution of an early asymmetry-determining factor (lefty2) in NudC morphants. The results revealed that cmlc2 (34.8%) and lefty2 (43.3%) were not restricted to the left side of the embryos injected with NudC MO-1 ( Figure 3F-3I ), implying an essential role of NudC in controlling left-right asymmetry. Importantly, all of these defects caused by NudC MO-1 were effectively reversed by exogenous expression of NudC mRNA ( Figure 3B , 3C, 3G and 3I).
Given that Kupffer's vesicle (KV) is a ciliated organ that governs left-right asymmetry of zebrafish embryo [25, 26] , we performed whole mount immunofluorescence (IF) and observed that NudC knockdown significantly increased cilia length in KV, which was reversed by ectopic expression of NudC mRNA ( Figure 3J and 3K). As it has been reported that the motile cilia in pronephric ducts are crucial for fluid flow [5, 11, 23] , we examined whether NudC influences the cilia in pronephric ducts. Immunostaining showed that NudC depletion caused longer cilia in anterior pronephric ducts of NudC morphants, which was reversed by exogenous expression of NudC mRNA ( Figure 3L ). Video microscopy showed that the cilia in enlarged pronephric ducts of NudC morphants were randomly orientated and beat in an uncoordinated manner, which were also significantly rescued by ectopic expression of NudC mRNA (Figure 3M and 3N ; Supplementary information, Movies S1-S4).
In order to minimize the off-target effects of NudC MO, we employed another MO targeting a different region of NudC mRNA (NudC MO-2), and observed similar phenotypes to that of NudC MO-1, which were also significantly reversed by NudC mRNA (Supplementary information, Figure S7 ). A recent study showed that generation of robust biallelic mutations by CRISPR/ Cas9 system in the injected zebrafish embryos appears to allow for phenotypic analysis directly in the F0 animals [27] . To further confirm the function of NudC during zebrafish development, we designed a guide RNA (gRNA) to target zebrafish NudC. Phenotypes of Cas9/NudC-gR-NA-injected embryos were similar to that of NudC morphants (Supplementary information, Figure S8 ). These data together suggest a crucial role of NudC in ciliation and cilia-mediated developmental processes in zebrafish.
NudC binds to and stabilizes cofilin 1
Mass spectrometry data of proteins co-immunoprecipitated with NudC reported by our group and others have indicated that cofilin 1 may interact with NudC [17, 18] . The similar roles of NudC and cofilin 1 in actin dynamics prompted us to investigate the biochemical interaction between these two proteins [28] [29] [30] . GST pulldown and immunoprecipitation experiments revealed that NudC associated with cofilin 1 (Figure 4A and 4B). More importantly, endogenous NudC was also able to interact with cofilin 1 in RPE-1 cells ( Figure 4C and 4D ). IF combined with scratch wound assay confirmed that NudC was colocalized with cofilin 1 at the leading edge ( Figure 4E ). These results strongly suggest that NudC forms a complex with cofilin 1 in mammalian cells.
Previous data from our laboratory and others suggest that NudC may be involved in the regulation of protein stability [17, 18] . We tested whether NudC regulates the stability of cofilin 1 and found that NudC depletion substantially decreased the protein level of cofilin 1, but not its mRNA level ( Figure 4F and 4G) . Ubiquitin proteasome pathway is responsible for the targeted degradation of intracellular proteins such as cofilin 1 [31, 32] ; we thus investigated whether the proteasome pathway is involved in the regulation of cofilin 1 stability by NudC. Indeed, degradation of cofilin 1 after NudC depletion was blocked by MG132, a proteasome inhibitor ( Figure  4H ), and NudC depletion significantly increased the ubiquitination of cofilin 1 ( Figure 4I ). Thus, NudC depletion may induce the degradation of cofilin 1 via the ubiquitin proteasome pathway.
NudC acts upstream of cofilin 1 to regulate cilia assembly
Based on the data that NudC influences ciliogenesis and cofilin 1 stability (Figures 2-4) , we assumed that NudC may modulate ciliogenesis by regulating cofilin 1 stability. Depletion of cofilin 1 by two different small interfering RNAs (siRNAs) in RPE-1 cells caused a significant elongation of primary cilia in the absence of serum and increased the percentage of the ciliated cells in the presence of serum ( Figure 5A-5F ). Consistent with the data above, knockdown of cofilin 1 in HEK293T cells also considerably promoted cilia assembly (Supplementary information, Figure S9 ). More Rab11a-positive vesicles were observed around the centrosome regions in cofilin 1-depleted cells compared with the control ( Figure  5H and 5G). Furthermore, overexpression of cofilin 1 effectively inhibited ciliogenesis ( Figure 5I-5L) . These results indicate that cofilin 1 plays a similar role in ciliogenesis as NudC.
To determine whether NudC regulates ciliogenesis via modulating cofilin 1 expression, we performed RNAi rescue assays in mammalian cells. Exogenous expression of cofilin 1 significantly reversed the abnormal ciliogenesis induced by NudC depletion, but not vice versa ( Figure  6A -6D and 6G-6J). Furthermore, double knockdown of NudC and cofilin 1 did not show synergistic effects on ciliogenesis compared with that of cofilin 1 depletion ( Figure 6E , 6F, 6K and 6L), suggesting that NudC and 
Cofilin 1 rescues the ciliary phenotypes in NudC morphants
To further investigate the role of cofilin 1 in ciliogenesis during zebrafish development, we used MO to deplete cofilin 1 and found that injection with low dose of cofilin 1 MO-1 (2.0 ng per embryo) effectively decreased endogenous cofilin 1 in embryos (Supplementary information, Figure S10A ). Cofilin 1 morphants displayed several ciliary defects, including curved body (42.0%) and pericardial edema (81.9%; Figure 7A and 7B), which were significantly reversed by exogenous expression of cofilin 1 mRNA (Supplementary information, Figure  S10 ). Whole mount in situ hybridization revealed that cmlc2 was not restricted to the left side in 48.4% of embryos injected with cofilin 1 MO-1, and lefty2 was not restricted to the left side in 46.3% of cofilin 1 morphants ( Figure 7C-7F ). Immunostaining of cofilin 1 morphants showed a significant increase of cilia length in KV compared with the control (Figure 7G and 7H). To rule out the off-target effects of MO, we employed another MO targeting a different region of cofilin 1 mRNA (cofilin 1 MO-2), and observed similar phenotypes (Supplementary information, Figure S11) . Furthermore, the phenotypes of Cas9/cofilin 1-gRNA-injected embryos were consistent with those of cofilin 1 morphants (Supplementary information, Figure S12 ). It is important to point out the similarities between the phenotypes caused by cofilin 1 depletion and NudC knockdown.
Furthermore, ectopic expression of cofilin 1 partially, but significantly, reversed the ciliary phenotypes induced by NudC depletion with either NudC MO-1 or MO-2 ( Figure 7A -7H, Supplementary information, Figures S11-S13 and Movies S5-S8), suggesting that NudC may regulate ciliation and cilia-mediated developmental events by modulating cofilin 1 expression in zebrafish.
Discussion
In this study, we provide evidence that NudC plays essential roles in regulating actin cytoskeleton, ciliogenesis and zebrafish development by stabilizing cofilin 1. Actin cytoskeleton participates in many cellular processes, including muscle contraction, cell motility and cell signaling. Cofilin 1 has a pivotal role in actin dynamics by modulating actin polymerization and depolymerization through its severing activity [33] [34] [35] . Here we find that depletion of NudC causes an accumulation of bundled stress fibers and inhibits cell spreading and lamellipodia formation (Figure 1 ), resembling the cellular phenotypes induced by cofilin 1 knockdown [29, 30, 33] . Furthermore, our results show that NudC forms a complex with cofilin 1, colocalizes with cofilin 1 especially at the leading edge and influences the stability of cofilin 1 ( Figure  4) . Thus, these data suggest that NudC may act as an upstream regulator of actin cytoskeleton and dynamics by stabilizing cofilin 1.
Recent data from our group and others have indicated that actin cytoskeleton is involved in ciliogenesis [10, 11, 36, 37] . However, whether and how NudC regulates ciliogenesis remains unknown. In this report, we show that NudC depletion increases cilia length and facilitates spontaneous ciliation in mammalian cells (Figure 2) . The ciliary phenotypes induced by NudC knockdown are similar to those by actin cytoskeleton disruption or cofilin 1 depletion [10, 11] (Figure 5 ). More importantly, depletion of either NudC or cofilin 1 causes similar ciliary defects in zebrafish, including body curvature, pericardial edema and defective left-right asymmetry ( Figures  3 and 7 and Supplementary information, Figures S7, S10 and S11). Ectopic expression of cofilin 1 significantly reverses these phenotypes induced by NudC depletion in both cultured cells and zebrafish (Figures 6 and 7) . Taken together, these findings support the hypothesis that NudC may regulate ciliogenesis via cofilin 1-mediated actin dynamics ( Figure 7I) .
Previous results showed that NudC is highly expressed in ciliated epithelia and localized in motile cilia [38] . Interestingly, when we examined the localization of NudC together with cilia in RPE-1 cells, we found that NudC mainly distributed in the cytoplasm, but not in cilia under our conditions (Supplementary information, Figure S14 ). This discrepancy suggests that NudC may have different expression patterns in different cells or tissues. The localization of NudC in motile cilia implies that NudC may have additional roles in the regulation of cilia.
As the studies from our laboratory and others indicate that NudC functions as a co-chaperone of Hsp90 to stabilize client proteins [16] [17] [18] , we also investigated whether NudC regulates the stability of cofilin 1 via the Hsp90 pathway. Inhibition of Hsp90 activity by geldanamycin significantly suppressed cilia assembly (Supplementary information, Figure S15 ), which is consistent with the previous study [39] . Unexpectedly, geldanamycin treatment had no significant effect on the protein level of cofilin 1 (Supplementary information, Figure S16 ), implying that NudC may stabilize cofilin 1 via an Hsp90-independent pathway. It will be of great interest to elucidate the detailed mechanism by which NudC influences the stability of cofilin 1.
Although depletion of either NudC or cofilin 1 in zebrafish induced the similar ciliary defects such as body Immunoprecipitates with anti-Flag antibody from cell lysates are analyzed by immunoblotting. 3% of total input is shown Quantitative data from three independent experiments are shown as mean ± SD. n, sample size. **P < 0.01; ***P < 0.001; ns, not significant (P > 0.05). DNA is labeled with DAPI. Scale bars represent 10 µm. Quantitative data from at least three independent experiments are shown as mean ± SD. n, sample size. ***P < 0.001. (I, J) . NudC knockdown shows no synergistic effect with cofilin 1 depletion on ciliation (K, L). Quantitative data derived from at least three independent experiments are shown as mean ± SD. n, sample size. ***P < 0.001; ns, not significant (P > 0.05). npg www.cell-research.com | Cell Research curvature, pericardial edema and defective left-right asymmetry, cofilin 1 morphants did not exhibit hydrocephalus and kidney cysts that were observed in NudC morphants (Figures 3 and 7) . Proteomics data from our group and others have shown that NudC may influence dozens of client proteins besides cofilin 1 [16] [17] [18] , indicating that there may be cofilin 1-independent pathways involved in the role of NudC in zebrafish development. Further study is clearly needed to explore the physiological significance of NudC in vertebrates.
Regulation of actin and ciliogenesis by NudC
Materials and Methods
Plasmids and oligonucleotides
GST-NudC, GFP-NudC, Flag-cofilin 1 and Myc-NudC-R vectors were constructed as described previously [17, 40] . HA-ubiquitin and pCS107 vectors were kindly provided by Dr Ping Wang (East China Normal University) and Dr Xiao Huang (Zhejiang University), respectively. pGLV3/H1/GFP lentiviral vectors were purchased from GenePharma. To generate lentivirus expressing shRNA targeting human NudC, the following sequences were used: 5′-GAAGGGATGGCAGAGAAGC-3′ (NudC RNAi-1) and 5′-AACACCTTCTTCAGCTTCCTT-3′ (NudC RNAi-2). Oligos corresponding to the following sequences were synthesized by GenePharma: 5′-GGATCAAGCATGAATTGCAAGCAAA-3′ for cofilin 1 RNAi-1 [41] and 5′-CATG GAAGCAGGACCAGTA-3′ for cofilin 1 RNAi-2 [42] . Full-length zebrafish NudC and cofilin 1 were amplified by RT-PCR from 72 hpf zebrafish larvae and subcloned into pCS107 vector. PCR was also used to construct RNAi-resistant NudC vectors by silent mutation of five nucleic acids in the RNAi targeting region of NudC mRNA. NudC MO-1 (5′-TCTTTCGTCATCGTCACCCATTTTC-3′) targeted part of the open reading frame of zebrafish NudC mRNA, the rescue construct was engineered to change the nucleotide sequence without altering the encoded protein. As NudC MO-2, cofilin 1 MO-1 and MO-2 separately target the 5′-UTR sequence of NudC and cofilin 1 mRNA, the open reading frames of these two genes were simply cloned into pCS107 vector for rescue experiments [43] . Capped and polyadenylated RNAs were synthesized with the SP6 mMessage mMachine kit (Ambion). All of these constructs were confirmed by DNA sequencing.
Cell culture and transfection
RPE-1 cells were maintained in DMEM/F12 (Corning) containing 10% serum (PAA Laboratories) at 37 °C in 5% CO 2 . HEK293T cells were cultured in DMEM (Corning) with 10% serum at 37 °C in 5% CO 2 . To examine cilia length, culture medium was replaced with serum-free medium when cells were 90% confluent, then cultured for 48 h before use. The plasmids and synthetic oligonucleotides were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. 
Antibodies
Kymography analysis
For kymography, phase-contrast time-lapse sequences were captured using a ×40 oil objective on an Olympus IX81-FV1000 confocal microscope. Images were recorded for 10-15 min at a rate of one frame per 3 s. Kymographs were produced and analyzed by Image J software (NIH). Quantitative analysis of kymographs was performed as previously described [44] .
Scratch wound experiment
Scratch wound assays were performed as described previously [45] . In brief, RPE-1 cells were plated onto fibronectin (10 mg/ ml)-coated coverslips and incubated at 37 °C in 5% CO 2 to create a confluent monolayer. The monolayer was scratched using a sterile pipette tip. The cells were washed to remove the debris and then replaced with fresh medium. For lamellipodia formation assay or colocalization assay, the cells were fixed and stained after 3 h of scratching.
Cell spreading assay
Cell spreading assays were performed as described previously [32] . In brief, cells were resuspended in serum-free media after trypsinization and incubated at 37 °C in 5% CO 2 for 1 h. Cells were collected and reseeded on fibronectin (10 mg/ml)-coated plates. After 1 h, cells were fixed with 4% paraformaldehyde and photographed in random fields.
Flow cytometry
For flow cytometry analysis, cells were collected, washed once with cold phosphate-buffered saline and then fixed in 70% ethanol. DNA was stained with propidium iodide (Sigma) for 30 min at 37 °C. The samples were analyzed using a FC 500 MCL Flow Cytometer (Beckman Coulter).
GST pull-down assay
GST pull-down assays were performed as described previously [15] . To detect the association between NudC and cofilin 1, blots were probed with antibodies indicated in the text.
Immunoprecipitation and western blotting
Immunoprecipitation was performed as previously described [46, 47] . In brief, cells transfected with the indicated vectors were subjected to immunoprecipitation with anti-Flag antibody-coupled beads (Sigma). Endogenous NudC and cofilin 1 were immunoprecipitated with anti-cofilin 1 and NudC antibodies, respectively. Protein samples were separated by SDS-PAGE gel, transferred to polyvinylidene fluoride membrane (Millipore), incubated with indicated antibodies and detected by an enhanced chemilumines- The data are presented as mean ± SD derived from at least three independent experiments. n, sample size. *P < 0.05; ***P < 0.001; ns, not significant (P > 0.05). (I) Working model for the role of NudC in actin cytoskeleton and ciliogenesis. NudC binds to and stabilizes cofilin 1 to regulate actin dynamics and ciliogenesis. Depletion of NudC causes cofilin 1 degradation and inhibits actin dynamics possibly via the ubiquitin-proteasome pathway, resulting in accumulation of ciliogenic vesicles at basal body to facilitate cilia assembly. 
Immunofluorescence staining
Cells were grown on coverslips and fixed for 15 min with 4% paraformaldehyde. To label cilia with acetylated tubulin, cells were kept on ice for 30 min before fixation. Rhodamine phalloidin (1:500, Invitrogen) and 4,6-diamidino-2-phenylindole (Sigma) were used to visualize F-actin and DNA, respectively. The images were acquired using a ×60 oil immersion objective (Olympus IX81-FV1000). The whole mount immunostaining of zebrafish embryos was performed as previously described [48] . The embryos mounted in 1% low melting agarose were imaged using a 60× water immersion objective (Olympus BX61W1-FV1000).
Quantitative real-Time RT-PCR
Quantitative RT-PCR analyses for NudC and cofilin 1 were performed using a Bio-Rad CFX-Touch System with PrimeScript RT reagent Kit (Takara, RR037A). All of the reactions were performed in triplicate. GAPDH served as internal control.
Zebrafish maintenance and embryo production
Wild-type zebrafish (strain AB) were maintained at 28.5 °C using standard protocols. Zebrafish embryos were staged according to Kimmel et al. [49] .
Morpholinos and microinjection
NudC MO-1 (5′-TCTTTCGTCATCGTCACCCATTTTC-3′), NudC MO-2 (5′-TTTGACGGGTGATGCTAAGAATCAC-3′), cofilin 1 MO-1 (5′-CATGGCTGTGTCTCTGTGCTAGTCG-3′) and cofilin 1 MO-2 (5′-TCTGGGTTGGAATTGAATGAGCT-GT-3′) were designed to target the translation of NudC and cofilin 1 mRNA, respectively [50] . MOs were synthesized by Gene Tools and injected into zebrafish embryos at 1-to 4-cell stages at the concentration described in the text. For the rescue experiments, synthetic capped mRNAs (25 pg per embryo) were co-injected into the zebrafish embryos with MOs.
In situ hybridization
Whole mount in situ hybridization was performed as described previously [51] . In brief, zebrafish embryos and larvae were fixed with 4% paraformaldehyde at 4 °C overnight, hybridized at 68 °C with cmlc2 or lefty2 RNA probe labeled by DIG RNA labeling kit and then stained with BM purple (Roche).
Histology
Zebrafish larvae were fixed at 72 hpf in 4% paraformaldehyde at room temperature for 2-3 h, dehydrated with ethanol, progressively infiltrated and embedded in paraffin. Sections (4 μm) were then stained with hematoxylin and eosin.
High-speed videomicroscopy
Zebrafish larvae (48 hpf) were placed in egg water containing 40 mmol/l 2,3-butanedione monoxime (Sigma) to stop the heartbeat and circulation, embedded in a low melting point agarose on a glass slide, and overlaid with a drop of egg water containing 20 mmol/l 2,3-butanedione monoxime. The images were captured using a ×60 oil immersion objective on an Olympus IX71 microscope equipped with a high-speed ANDOR Neo sCMOS digital video camera (Photron) at 250 frames per second for 2 s.
Statistics
Data are representative of at least three independent experiments. Means and SDs were calculated and are shown in the graphs. The indicated P values were obtained with one-way ANO-VA using GraphPad Prism (GraphPad Software).
